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ABSTRACT 

[Abstract of the Disclosure] 

A method of synthesizing carbon nanotubes and a carbon nanotube 
synthesizing apparatus used for the same are provided. A catalyst is introduced 
into the reactor, and the catalyst in the reactor is selectively and locally heated by a 
heating method such as microwave irradiation, electromagnetic inductive heating, 
radio frequency heating or laser heating. Here, carbon source gas, carbon source 
gas and hydrogen sulfide gas, or carbon source gas and hydrogen gas or inert gas is 
supplied into the reactor, thereby growing carbon nanotubes from the locally heated 
catalyst. 

[Representative Drawing] 
FIG. 1. 
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SPECIFICATION 

[Title of the Invention] 

5 METHOD OF SYNTHESIZING CARBON NANOTUBES AND APPARATUS 

BEING USED THEREIN 

[Brief Description of the Drawings] 

FIG. 1 is a schematic flowchart illustrating a method of synthesizing carbon 
nanotubes according to an embodiment of the present invention; 
10 FIGS. 2 and 3 are schematic cross-sectional views illustrating a method of 

locally heating a catalyst according to the embodiment of the present invention; 

FIGS. 4 and 5 are schematic cross-sectional views illustrating the growth of 
carbon nanotubes according to the embodiment of the present invention; 

FIG. 6 is a schematic diagram illustrating an example of a carbon nanotube 
15 synthesizing apparatus having a microwave generator, which is used in the 
embodiment of the present invention; 

FIGS. 7 through 9 are the scanning electron microscope (SEM) pictures of 
carbon nanotubes synthesized by a method of synthesizing carbon nanotubes 
according to the embodiment of the present invention; 
20 FIG. 10 is a schematic diagram illustrating an example of a carbon nanotube 

synthesizing apparatus suitable for an inductive heating method used in the 
embodiment of the present invention; 

FIG. 1 1 is a schematic diagram illustrating an example of a carbon nanotube 
synthesizing apparatus suitable for a laser heating method used in the embodiment 
25 of the present invention; and 

FIG. 12 is a schematic diagram illustrating an example of a carbon nanotube 
synthesizing apparatus suitable for a radio frequency heating method used in the 
embodiment of the present invention. 

<Explanation of Reference Numerals Designating the Major Elements of the 
30 Drawings> 

100: Reactor 135: Catalyst 

210: Microwave guide 250: Microwave generator 

300: Reactantgas supplier 
[Detailed Description of the Invention] 
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[Object of the Invention] 

[Technical Field of the Invention and Related Art prior to the Invention] 

The present invention relates to synthesizing carbon nanotubes, and more 
particularly, to a method of synthesizing carbon nanotubes through local heating and 
5 an apparatus used for the same. 

It is known that a carbon nanotube is microscopically constituted such that a 
single carbon element is combined with three neighboring carbon atoms, a 
hexagonal ring is formed by the combination among the carbon atoms, and a plane 
composed of repeated hexagonal rings like a honeycomb is rolled to thereby form a 

10 cylindrical shape. The carbon nanotube is characterized by the diameter being 

usually several angstroms through several tens of nanometers, and the length being 
several tens through several thousands of times longer than the diameter. It is 
known that such a carbon nanotube has both metal property and semiconductive 
property, thereby having excellent physical and electrical properties. Accordingly, 

15 the carbon nanotube has been widely applied to a variety of fields using its 
conductivity and/ or semiconductivity. 

Conventionally, carbon nanotubes are synthesized by a method such as arc 
discharge method, a laser evaporation method, a thermal chemical vapor deposition 
(CVD) method, a catalytic synthesizing method or a plasma synthesizing method. 

20 These methods are performed at a high temperature of several hundreds through 
several thousands of degrees centigrade or under a vacuum to release the high 
temperature condition. 

Moreover, in these conventional methods, an entire reactor is heated to meet 
a reaction temperature for synthesizing carbon nanotubes. Here, all substances 

25 such as reactant gases and a catalyst which are supplied into the reactor are heated. 
Accordingly, when a catalyst is loaded on a support or a substrate, the support or the 
substrate should be formed of a heat-resistant material which can tolerate a high 
reaction temperature as described above. In other words, selection of a support or 
a substrate for loading a catalyst is restricted. 

30 [Technical Goal of the Invention] 

To solve the above problems, it is a first feature of the present invention to 
provide a method of synthesizing carbon nanotubes, which allows a support or a 
substrate for loading a catalyst not to be heated to a high temperature by locally 
heating the catalyst. 
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It is a second feature of the present invention to provide a carbon nanotube 
synthesizing apparatus used for performing the above method. 
[Structure and Operation of the Invention] 

To achieve the first feature of the invention, there is provided a method of 
5 synthesizing carbon nanotubes. In the method, a catalyst is introduced in a reactor, 
a reactant gas containing a carbon source gas is supplied over the catalyst, the 
catalyst in the reactor is locally and selectively heated, and carbon nanotubes are 

grown from the heated catalyst. 

The local heating of the catalyst can be achieved by irradiation of microwaves, 
10 electromagnetic inductive heating, laser heating or radio frequency heating. 

To achieve the second feature of the invention, there is provided an apparatus 
for synthesizing carbon nanotubes. The apparatus includes a reactor for receiving 
a catalyst, a reactant gas supplier for supplying a reactant gas containing carbon 
source gas into the reactor, and a local heater for selectively heating the catalyst 

15 received in the reactor. 

The apparatus may also include a catalyst gas supplier for supplying the 

catalyst into the reactor in gas phase. 

The local heater may include a microwave generator for generating 
microwaves, and a microwave guide connected to the reactor, the microwave guide 

20 guiding the microwaves to the reactor. The local heater may include a 

high-frequency coil installed around the reactor, and a power supply for applying 
high-frequency current to the high-frequency coil. The local heater may include a 
radio frequency generator installed near the reactor. The local heater may include 
a laser beam generator installed near the reactor, and a lens for focusing laser 

25 beams generated by the laser beam generator. 

According to the present invention, carbon nanotubes can be synthesized 
under the condition of lower temperature, that is, in a state where the entire reactor 
is maintained at a low temperature, through local heating. Therefore, a substrate or 
a support for loading a catalyst thereon can be formed of polymer material or glass. 

30 Hereinafter, an embodiment of the present invention will be described in detail 

with reference to the attached drawings. The present invention is not restricted to 
the following embodiments, and many variations are possible within the sprit and 
scope of the present invention. The embodiment of the present invention is 
provided in order to more completely explain the present invention to anyone skilled 
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in the art. In the drawings, the shapes of members are exaggerated for clarity and 
the same reference numerals denote the same members. 

FIG. 1 is a schematic flowchart illustrating a method of synthesizing carbon 
nanotubes according to an embodiment of the present invention. FIGS. 2 and 3 are 

5 schematic cross-sectional views illustrating a method of locally heating a catalyst 

according to the embodiment of the present invention. FIGS. 4 and 5 are schematic 
cross-sectional views illustrating the growth of carbon nanotubes according to the 
embodiment of the present invention. FIG. 6 is a schematic diagram illustrating an 
example of a carbon nanotube synthesizing apparatus having a microwave 

10 generator, which is used in the embodiment of the present invention. FIGS. 7 

through 9 are the scanning electron microscope (SEM) pictures of carbon nanotubes 
synthesized by a method of synthesizing carbon nanotubes according to the 
embodiment of the present invention. 

Referring to FIG. 1 , a method of synthesizing carbon nanotubes according to 

15 an embodiment of the present invention can be performed using a carbon nanotube 
synthesizing apparatus as shown in FIG. 6. The carbon nanotube synthesizing 
apparatus of FIG. 6 is suggested as a means for realizing the conception of local 
heating proposed by the embodiment of the present invention. 

Referring to FIGS. 2, 3 and 6, the carbon nanotube synthesizing apparatus of 

20 FIG. 6 includes a reactor 100 for receiving a boat 150 which loads with catalyst 
powder 135' or a substrate 131 which loads with a catalyst 135. The catalytic 
powder 135' is manufactured by loading a catalyst 135 of FIG. 2 formed of, for 
example, a transition metal on a support 1 30. The reactor 100 can be realized as a 
quartz tube. 

25 The reactor 100 is provided with a local heater 200 for supplying microwaves 

to locally heat the catalyst powder 135', substantially, the catalyst 1 35. The local 
heater 200 may include a microwave generator 250 for generating microwaves and a 
microwave guide 210 for guiding the microwaves to the reactor 100. 

In addition, a reactant gas supplier 300 for supplying a reactant gas used for 

30 synthesizing carbon nanotubes and a discharger 600 for discharging a gas after 

reaction are installed to the reactor 1 00. The reactant gas supplier 300 may include 
gas bombes for supplying a carbon source gas such as hydrocarbon or hydrogen 
sulfide (H 2 S), or supplying hydrogen gas (H 2 ) or an inert gas which can be supplied 
together with the carbon source gas and mass flow controllers (MFCs) and on/off 
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valves 350 which are installed to ducts between the gas bombes and the reactor 100 
for controlling a gas flow rate. A plurality of sets of the bombe, MFC 31 0 and the 
on/off valve 350 may be provided. 

The catalyst 135 may be supplied in such a form of loading a transition metal 
or the precursor of a transition metal on the support 130 or the substrate 131 , as 
shown in FIGS. 2 and 3, but it may be supplied in gas phase at need. When using 
the precursor of a metal such as iron (Fe), nickel (Ni) or cobalt (Co), for example, 
ferrocene (FeCi 0 H 10 ) or iron pentacarbonyl (Fe(CO) 5 ) as a catalyst supplied in gas 
phase, such a precursor, which mostly exits in a liquid or solid state, needs to be 
vaporized in order to be supplied to the reactor 100. 

To meet this necessity, a catalytic gas supplier 400 may be additionally 
installed to the reactor 1 00. The catalytic gas supplier 400 includes a saturator 410 
for vaporizing a solid or liquid catalyst or a catalyst precursor, a water bath 430 for 
accommodating the saturator 410 and a circulator 450 for controlling the temperature 
of water in the water bath 430 and circulating the water. A gaseous catalyst 
generated by the saturator 410 is supplied into the reactor 100 via a duct and acts as 
a catalyst in the reactor 100. 

Here, a four-port 370 is provided at the intersection of the ducts connected to 
the reactant gas supplier 300 and the catalytic gas supplier 400, respectively, for 
inducing the flow of a gas. When supplying a catalyst in gas phase, a temperature 
controller 500 may be provided for maintaining the catalyst in gas phase. The 
temperature controller 500 includes a slidax and a temperature readout unit. The 
temperature controller 500 measures the internal temperature of the reactor 100 
using a thermocouple and the like, reads out the measured result and maintains the 
internal temperature such that a catalyst can be injected into the reactor 100 in gas 
phase. 

A method of synthesizing carbon nanotubes using such a carbon nanotube 
synthesizing apparatus as described above will be described with reference to the 
flowchart of FIG. 1 . In step 1 1 00, a catalyst 1 35 of FIG. 2 or 3 is introduced in the 
reactor 100, as shown in FIG. 6. Here, the catalyst 135 may be manufactured by 
loading a transition metal or the precursor of a transition metal on the powder type 
support 130, as shown in FIG. 2, or on the substrate 131, as shown in FIG. 3. The 
catalyst powder 1 35' manufactured by loading the catalyst 1 35 on the powder type 
support 130 may be put on the boat 150 and the like and introduced in the reactor 



1 00. Alternatively, when the catalyst 1 35 is loaded on the substrate 1 31 , the 
substrate 131 may be introduced in the reactor 100. 

For the catalyst 135, a transition metal such as iron, nickel or cobalt or a 
compound containing the transition metal, for example, metal sulfide such as cobalt 
sulfide, iron sulfide or nickel sulfide, metal carbide containing the transition metal, 
metal oxide, metal nitrate or metal sulfate, can be used. Besides, an organic 
compound such as cobalt naphtenate containing the transition metal described 
above can be used as the catalyst 135. 

The catalyst 135 is manufactured by loading the precursor of a transition 
metal containing iron, nickel or cobalt on the support 130 of FIG. 2 using an 
impregnation method, an incipient wetness method or an ion-exchange method. 
Thus-manufactured catalyst 1 35 may be dried and used in the form of the catalyst 
powder 135' or may be used after undergoing reduction and calcination or sulfiding 
and carbonization to make the catalyst 135 have a variety properties. 

The support 130 or the substrate 131 may be formed of a material such as 
silicon oxide (Si0 2 ) or aluminum oxide (Al 2 0 3 ) which is not heated by microwaves. 
Alternatively, the powder type support 130 formed of carbon (C) which can be 
heated by microwaves and the like may be used. The catalyst 1 35 loaded on the 
support 130 may be put on the boat 150 of FIG. 6 and introduced in the reactor 100 
in a powder state. Alternatively, the catalyst 1 35 may be loaded on the substrate 
1 31 using deposition, spraying or painting. After the loading, the catalyst 1 35 may 
be used after being just dried or after undergoing reduction and calcination or 
sulfiding and carbonization. 

A method of loading the catalyst 135 on the support 130 will be described 
below with reference to examples. Fe of 5 wt% is impregnated into the support 130 
of carbon by dissolving a Fe-precursor such as Fe(NO 3 )39H 2 0 in distilled water. 
The resultant thing is dried at about 1 10°C for about 24 hours and then reduced at 
about 500°C for 3 hours in a hydrogen atmosphere, thereby obtaining the catalyst 
powder 1 35' of Fe (5 wt%)/C, as shown in FIG. 2. It is apparent that other various 
methods can be used for loading the catalyst 135 on the support 130 or the 
substrate 131 . 

The catalyst 135 loaded on the support 130 or the substrate 131 is put on the 
boat 150 and introduced in the reactor 100, and then the reactor 100 is filled with a 
heat-resistant material such as quartz wool 190 to block heat transmission from the 



inside to the outside. Thereafter, in step 1200 of FIG. 1 , a reactant gas is supplied 
into the reactor 1 00. The reactant gas preferably contains a carbon source gas. 

In step 1300, the catalyst 135 is locally heated by irradiating microwaves on 
the reactor 100 accommodating the catalyst 135 or the catalyst powder 135'. Since 
the catalyst 135 is formed of a material which can be dielectrically heated by 
microwaves, the catalyst 135 is heated by microwaves applied thereto, as shown in 
FIG. 2 or 3. 

Such heating can be selectively restricted to the catalyst 135 such that the 
reactant gas, the support 130, the substrate 131 or the boat 150 supplied into the 
reactor 100 are not heated. Accordingly, the support 130, the boat 150 or the 
substrate 131 may be formed of glass or polymer material such as plastic. 

As shown in FIGS. 3 and 4, carbon nanotubes 170 are grown from the 
catalyst 135 by the reaction of the reactant gas containing a carbon source gas 
supplied on the catalyst 1 35 that is locally heated, in step 1 300 of FIG. 1 . Here, 
hydrocarbon gas such as methane gas, acetylene gas, propane gas or benzene can 
be used as the carbon source gas. Alternatively, a reactant gas in which 
hydrocarbon gas is mixed with hydrogen gas may be used. In addition, an inert gas 

can be used as a carrier gas. 

The result of synthesizing carbon nanotubes using the catalyst powder 135' of 
Fe (5 wt%)/C as described above is clearly presented in the scanning electron 

microscope (SEM) picture of FIG. 7. 

As described above, in the case of the catalyst powder 135' of Fe (5 wt%)/C, 
both the catalyst 1 35 and the support 1 30 can be heated. However, when the 
catalyst 1 35 is loaded on the support 1 30 or the substrate 131 formed of a material 
such as silicon oxide (Si0 2 ) or glass which is not heated by microwaves, only the 
catalyst 1 35 can be heated without heating the support 1 30 or the substrate 131. In 
this case, hydrogen sulfide (H 2 S) gas may be injected as a reactant gas together 
with hydrocarbon gas to grow carbon nanotubes. 

For example, Co of 10 wt% is impregnated into the support 130 of Si0 2 by 
dissolving a Co-precursor such as Co(NO 3 ) 3 6H 2 0 in distilled water. The resultant 
thing is dried at about 1 10°C for about 24 hours and then reduced at 500°C, which is 
obtained by increasing a temperature at a rate of 5°C/min while flowing hydrogen 
gas, for 3 hours, thereby obtaining the catalyst powder 135' of Co (10 wt%)/Si0 2 . 
Thus-made catalyst powder 135' is put on the boat 150 and introduced in the reactor 
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100. Next, acetylene (C 2 H 2 ) gas and hydrogen sulfide (H 2 S) gas is flown in the 
reactor 100 at flow rates of 10 ml/min and 3 ml/min to purge the reactor 100. Then, 
microwaves are irradiated for 30 minutes. The support 1 30 of Si0 2 is not heated by 
the microwaves, but the Co is heated by the microwaves so that carbon nanotubes 

5 are generated. FIG. 8 is a SEM picture showing the generated carbon nanotubes. 

Instead of using a transition metal such as iron, cobalt or nickel as a catalyst, 
a compound containing the transition metal can be used as a catalyst and locally 
heated by microwaves to synthesize carbon nanotubes. The support 130 can be 
formed of Si0 2 which is not heated by microwaves, and a sulfide of the transition 

10 metal can be used to generate carbon nanotubes. 

For example, as described above, Co of 10 wt% is impregnated into the 
support 1 30 of Si0 2 by dissolving Co(NO 3 )36H 2 0 in distilled water. The resultant 
thing is dried at about 1 10°C for about 24 hours. A temperature is increased at a 
rate of 5°C/min while flowing hydrogen gas over the dried catalyst, and then the 

15 catalyst is reduced at 500°C for 3 hours, thereby obtaining a catalyst of Co (10 

wt%)/Si0 2 . Then, a temperature is increased at a rate of 10°C/min while flowing 
H 2 S(10%)/H 2 gas over the catalyst of Co (10 wt%)/Si0 2 , and the catalyst of Co (10 
wt%)/Si0 2 is sulfurized at 400°C for 2 hours, thereby obtaining a catalyst of Co (10 
wt%)S x /Si0 2 . Thus-made catalyst is put on the boat 1 50 and introduced in the 

20 reactor 1 00. Next, only acetylene (C 2 H 2 ) gas is flown in the reactor 1 00 at a flow 
rate of 1 0 ml/min for 5 minutes for reaction. FIG. 9 is a SEM picture showing 
carbon nanotubes which has been grown by the reaction. 

It has been described that the catalyst 135 is supplied in a powder state in a 
method of synthesizing carbon nanotubes according to the above embodiment of the 

25 present invention. However, the catalyst 1 35 can be supplied into the reactor 1 00 
in gas phase not in a powder state. For example, a catalyst precursor such as a 
compound such as ferrocene or iron pentacarbonyl containing metal atoms is 
vaporized by the saturator 410 of FIG. 6 or the like and supplied into the reactor 100. 
In this case, catalyst precursors or catalysts supplied into the reactor 100 are 

30 heated by a local heating method, for example, a microwave heating method. The 
catalysts may float in the reactor 1 00. Carbon nanotubes can be grown on the 
floating catalysts by the reaction of hydrocarbon or the like supplied into the reactor 
100. By supplying catalysts in gas phase as described above, carbon nanotubes 
can be synthesized in gas phase. Accordingly, the mass production of carbon 
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nanotubes can be realized. 

FIG. 10 is a schematic diagram illustrating an example of a carbon nanotube 
synthesizing apparatus suitable for an electromagnetic inductive heating method 
used in the embodiment of the present invention. 

A carbon nanotube synthesizing apparatus as shown in FIG. 6 is used for 
irradiating microwaves to realize local heating proposed by the embodiment of the 
present invention. The local heating can be performed by an electromagnetic 
inductive heating method. For example, as shown in FIG. 10, a carbon nanotube 
synthesizing apparatus including a local heater 200' which is configured such that a 
high-frequency coil 215 is provided around the reactor 100, and the high-frequency 
coil 215 is connected to a high-frequency power supply 255 can be proposed. 
High-frequency current applied to the high-frequency coil 215 forms an 
electromagnetic field around the high-frequency coil 21 5. Due to a change in the 
electromagnetic field, the catalyst 135 introduced in the reactor 100 can be 
selectively heated. 

FIG. 1 1 is a schematic diagram illustrating an example of a carbon nanotube 
synthesizing apparatus suitable for a laser heating method used in the embodiment 
of the present invention. 

The local heating can be performed by a laser heating method as shown in 
FIG. 1 1 . For example, a laser beam generator 710 is provided near the reactor 100. 
Laser beams 750 generated by the laser beam generator 710 are focused on a lens 
725 held by a lens holder 727 so that the local heating proposed by the embodiment 
of the present invention can be performed. In this case, the catalyst 1 35 or the 
catalyst powder 135' introduced in the reactor 100 can be selectively heated by 
controlling the focusing of the laser beams 750. 

FIG. 12 is a schematic diagram illustrating an example of a carbon nanotube 
synthesizing apparatus suitable for a radio frequency heating method used in the 
embodiment of the present invention. 

The local heating can be performed by a radio frequency heating method as 
shown in FIG. 12. For example, a RF generator 800 is provided near the reactor 
100. The local heating of the embodiment of the present invention can be 
performed using RF generated by the RF generator 800. By using the RF, the 
catalyst 135 in gas phase or the catalyst powder 135' can be selectively heated. 
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Although the invention has been described with reference to a particular 
embodiment, it will be apparent to one of ordinary skill in the art that modifications to 
the described embodiment may be made without departing from the spirit and scope 
of the invention. 
[Effect of the Invention] 

The present invention described above improves a conventional method of 
synthesizing carbon nanotubes at a high temperature range by heating an entire 
reactor. According to the present invention, carbon nanotubes can be synthesized 
even an entire reactor is maintained at a lower temperature. Even if the 
temperature of the entire reactor is maintained low, a temperature required for 
synthesizing carbon nanotubes can be obtained by a local heating method for 
selectively heating a catalyst. Accordingly, a substrate or a support formed of glass 
or polymer material such as plastic which cannot be used under the condition of a 
high temperature can be used. 
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What is claimed is: 

1 A method of synthesizing carbon nanotubes, comprising the steps of: 
introducing a catalyst in a reactor; 

supplying a reactant gas containing a carbon source gas over the catalyst; 
selectively and locally heating the catalyst in the reactor; and 
growing carbon nanotubes from the heated catalyst. 

2. The method of claim 1 , wherein the catalyst is formed of a transition 
metal such as iron, nickel or cobalt; metal sulfide, metal carbide, metal oxide or 
metal salt of the transition metal; or an organic compound containing the transition 
metal. 

3. The method of claim 1 , wherein the catalyst is ioaded on a support by 
an impregnation method, an incipient wetness method or an ion-exchange method 
and is supplied into the reactor in a powder state. 

4. The method of claim 1 , wherein the catalyst is loaded on a substrate by 
a deposition method, a painting method and a spray method to be supplied into the 
reactor. 

5. The method of claim 1 , wherein for the catalyst, a metal precursor is 
loaded on a substrate or a support and changed into a metal phase through 
reduction, calcination, sulfiding or carbonization, and the metal catalyst is supplied 
into the reactor. 

6. The method of claim 1 , wherein for the catalyst, metal sulfide obtained 
by sulfiding a metal precursor with hydrogen sulfide is used. 

7. The method of claim 1 , wherein the catalyst is supplied into the reactor 
in the form of a catalyst precursor in gas phase. 

8. The method of claim 7, wherein the catalyst precursor is ferrocene or 
iron pentacarbonyl. 
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9. The method of claim 1 , wherein the carbon source gas contains one 
selected from the group consisting of acetylene, methane, propane and benzene. 

10. The method of claim 1 , wherein the reactant gas further comprises 
hydrogen gas or inert gas. 

11. The method of claim 1 , wherein the reactant gas further comprises 
hydrogen sulfide (H 2 S) gas. 

1 2. The method of claim 1 , wherein the local heating of the catalyst is 
performed by irradiation of microwaves. 

13. The method of claim 1 . wherein the local heating of the catalyst is 
performed by electromagnetic inductive heating. 

14. The method of claim 1 , wherein the local heating of the catalyst is 
performed by laser heating. 

1 5. The method of claim 1 , wherein the local heating of the catalyst is 
performed by radio frequency heating. 

16. An apparatus for synthesizing carbon nanotubes, comprising: 
a reactor for receiving a catalyst; 

a reactant gas supplier for supplying a carbon source gas into the reactor; and 
a local heater for selectively heating the catalyst received in the reactor. 

1 7 The apparatus of claim 1 5, further comprising a heat-resistant material 
provided inside or outside the reactor, the heat-resistant material blocking heat 
transmission from reactor to the outside. 

18. The apparatus of claim 15, further comprising a catalyst gas supplier 
for supplying the catalyst into the reactor in gas phase. 
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19. The apparatus of claim 16, wherein the catalyst gas supplier 
comprises: 

a saturator for vaporizing a compound which is a precursor of the catalyst; 
a water bath for accommodating the saturator; and 
a circulator connected to the water bath. 

20. The apparatus of claim 1 5, wherein the local heater comprises: 
a microwave generator for generating microwaves; and 

a microwave guide connected to the reactor, the microwave guide guiding the 
microwaves to the reactor. 

21 . The apparatus of claim 1 5, wherein the local heater comprises: 
a high-frequency coil installed around the reactor; and 

a power supply for applying high-frequency current to the high-frequency coil. 

22. The apparatus of claim 15, wherein the local heater comprises a radio 
frequency generator installed near the reactor. 

23. The apparatus of claim 1 5, wherein the local heater comprises: 
a laser beam generator installed near the reactor; and 

a lens for focusing laser beams generated by the laser beam generator. 
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